Resistance to chemically different natural product anticancer drugs (multidrug resistance, or MDR) results from decreased drug accumulation, resulting from expression of one or more ATP-dependent efflux pumps. The first of these to be identified was P-glycoprotein (P-gp), the product of the human MDR1 gene, localized to chromosome 7q21. P-gp is a member of the large ATP-binding cassette (ABC) family of proteins. Although its crystallographic 3-D structure is yet to be determined, sequence analysis and comparison to other ABC family members suggest a structure consisting of two transmembrane (TM) domains, each with six TM segments, and two nucleotide-binding domains. In the epithelial cells of the gastrointestinal tract, liver, and kidney, and capillaries of the brain, testes, and ovaries, P-gp acts as a barrier to the uptake of xenobiotics, and promotes their excretion in the bile and urine. Polymorphisms in the MDR1 gene may affect the pharmacokinetics of many commonly used drugs, including anticancer drugs. Substrate recognition of many different drugs occurs within the TM domains in multipleoverlapping binding sites. We have proposed a model for how ATP energizes transfer of substrates from these binding sites on P-gp to the outside of the cell, which accounts for the apparent stoichiometry of two ATPs hydrolysed per molecule of drug transported. Understanding of the biology, genetics, and biochemistry of P-gp promises to improve the treatment of cancer and explain the pharmacokinetics of many commonly used drugs.
Introduction: the phenomenon of multidrug resistance
The use of chemotherapy to treat cancer is limited by the development of resistant cancer cell variants. Resistance can occur to individual cytotoxic drugs usually by alterations in the targets for these drugs, but can also occur more broadly to many different drugs with different chemical structures and different mechanisms of action. This latter form of resistance is called multidrug resistance, or MDR. MDR appears to be the major reason for failure of chemotherapy in cancer, since multiple chemotherapeutic drugs of different classes are used to treat most cancers. Many different mechanisms of MDR have been elucidated, including alterations in cell cycle checkpoints, failure of apoptotic mechanisms, repair of damaged cellular targets, and reduced drug accumulation (reviewed in Borst and Elferink, 2002; Gottesman, 2002) . Of these mechanisms, reduced drug accumulation has been studied in most detail, and appears to be a very common mechanism of MDR both in vitro and in vivo.
To understand how drug accumulation can be reduced in cancer cells, it is first necessary to examine how drugs get into cells. There are basically two mechanisms of drug uptake. For water-soluble, hydrophilic drugs such as cisplatin, nucleoside analogue and antifolates, drugs cannot cross the plasma membrane unless they piggyback on existing transporters or carriers, or enter through hydrophilic channels in the membrane. Resistance to such drugs resulting from decreased accumulation occurs because of individual mutations in the carriers, which produce single-agent resistance. MDR can occur because of a generalized defect in the localization of transporters and carriers on the cell surface, as is seen when selecting for cisplatin resistance which results in MDR to many different hydrophilic anticancer drugs and other small molecules (Shen et al., 1998) . For hydrophobic drugs, such as the natural products vinblastine, vincristine, doxorubicin, daunorubicin, actinomycin D, etoposide, teniposide, and paclitaxel, entry occurs by diffusion across the plasma membrane, without any specific drug carriers. The only way to keep such drugs out of cells is by activation of energy-dependent transport systems (reviewed in Ambudkar et al., 1999) . The first of these transporters, to be identified and characterized known as the ATP-binding cassette (ABC) transporters because of their homologous ATP-binding domains, was P-glycoprotein (P-gp), the product of the human MDR1 gene. Subsequently, other members of this family of transporters such as MRP1 (ABCC1) and MXR (ABCG2) have been shown to be capable of conferring MDR by virtue of energydependent drug efflux (reviewed in Litman et al., 2001; Borst and Elferink, 2002; Gottesman et al., 2002) .
ABC transporters and multidrug resistance
To date, 48 different ABC transporters have been identified in the human genome, divided into seven different classes (A-G) based on sequence similarities. Members of four of these classes (A, B, C, and G) have been clearly shown to confer drug resistance on cultured cells (Table 1) . Although all share a similar ABC, their domain structures are organized somewhat differently, with different numbers and locations of TM domains (Gottesman, 2002) . All but one of these transporters contain two ABCs in a single molecule; ABC G2, initially identified as a mitoxantrone-resistance gene (MXR or BCRP, breast cancer resistance protein), has only one TM domain and one ABC, and is assumed to function as a dimer (Ejendal and Hrycyna, 2002) . P-gp (MDR1 or ABC B1), the subject of this review, consists of two TM domains and two ABCs (see Figures 1, 3) . P-gp was the first of the human ABC transporters to be described (Chen et al., 1986) . Subsequently, MRP1 (ABC C1) was isolated from an MDR lung cancer cell line where MDR1 was not expressed (Cole et al., 1992) . MRP1 has similar transport specificity to MDR1, but drugs are frequently conjugated with glutathione and other anions, or are cotransported with glutathione (reviewed in Loe et al., 1996; Borst et al., 1999) . P-gp transports neutral and cationic hydrophobic compounds, whereas MRP1 can transport anionic compounds. P-gp is expressed in only a limited number of tissues with barrier function, including epithelia of the liver, kidney, small and large intestine and capillary endothelial cells in brain, ovary, and testis, while MRP1 is expressed in most of the tissues. Both of these transporters have been implicated in the resistance of various cancers to chemotherapy (see below).
There are currently 10 members of the MRP1 family known, and at least seven of them (MRP1, 2, 3, 4, 5, 6 , and 7) have been shown to confer resistance to one or more drugs used to treat cancer (see Table 1 ). Only MDR1 and MRP1 have been shown to have likely significance in clinical drug resistance, but the others have not been sufficiently studied to role out a possible role for them as well. The half-transporter ABC G2 (MXR, BCRP, ABC-P) confers resistance to a broad range of hydrophobic anticancer drugs similar to MDR1 and MRP1, including doxorubicin, daunorubicin, mitoxantrone and topotecan Litman et al., 2000) , especially when the Arg at position 482 is substituted by Thr or Gly. In addition, wild-type ABCG2 appears to confer resistance to methotrexate (Volk et al., 2002) . ABC B1 (P-gp) and ABC G2 (MXR) are commonly expressed in hematopoietic and other stem cells (Bunting, 2002; Zhou et al., 2002) . Other transporters which have been demonstrated to confer drug resistance in vitro include ABC A2 (resistance to the nitrogen mustard derivative of estradiol, estramustine), and ABC B11 (SP-gp) (resistance to paclitaxel) .
Clinical relevance of expression of ABC transporters in cancer cells
To demonstrate the involvement of an ABC transporter in resistance to anticancer drugs, the following criteria must be met: (1) The cancer must express the transporter at levels that have been shown in vitro to confer resistance to the drugs or drugs in question. (2) The level of expression of the transporter should predict the degree of drug resistance; (3) During the course of clinical treatment, development of drug resistance should parallel the increased expression of the transporter. (4) Agents which inhibit the function of the transporter, in instances in which the transporter is expressed and no other resistance mechanisms are known to be acting, should reverse the resistance. (5) Use of inhibitors of transporters as part of chemotherapy should produce a survival advantage.
Owing to the difficulty in accurately measuring ABC transporters in cancer cells due to the crossreactivity of antibodies, samples contaminated with normal tissue, and lack of meaningful controls (pre-or post-treatment tumor samples, or other evidence of what baseline expression of the transporter might be), the clinical studies conducted to date have all failed to provide convincing evidence, for or against a clinical role for the expression of ABC transporters in anticancer drug resistance. However, many studies strongly suggest a role for MDR1 in MDR for some cancers, and a few studies implicate MRP1. MDR1 is expressed in acute myelogenous leukemia in 1/3 of the patients at the time of first diagnosis, and in more than 50% of patients at first relapse; the level of expression at presentation is sufficient to confer resistance based on in vitro assays of P-gp transport function, and correlates with the likelihood of relapse (Leith et al., 1999) . Addition of the P-gp inhibitor cyclosporin A to the treatment regimen for AML improves the chance of remission and improves survival (List et al., 2001) . Thus, for AML, all of the criteria indicating the clinical relevance of P-gp in MDR are met.
MDR1 is also expressed at high levels in many other tumors under three different circumstances: (1) cancers derived from epithelial tissues that normally express Pgp including the kidney, liver, and colon cancer; (2) cancers in which P-gp levels were low at presentation, but after chemotherapy, cancers recurred, which now express P-gp such as leukemias, lymphomas, and multiple myeloma; and (3) cancers in which the development of the tumor appears to be associated with the turning on of expression of P-gp, including chronic myelogenous leukemia in blast crisis and neuroblastoma (Goldstein et al., 1989 ). Attempts to demonstrate reversal of drug resistance in some of these tumors have not been successful, in some cases because other forms of MDR may also be expressed in these cancers, in other cases because the expression of P-gp was not demonstrated in each of the treated patients, or because the numbers of patients involved were small and responses could not reach statistical significance.
As noted, MRP1 is also expressed at high levels in many cancers, especially leukemias, esophageal carcinomas, and non-small-cell lung cancers (Nooter et al., 1995) . In no case is there evidence that resistance correlates with increasing levels of MRP1, or evidence that inhibition of MRP1 reverses drug resistance in cancer. In addition, MRP1 can be found in virtually all cancers, because of its ubiquitous expression in human cancers. Although it may contribute to the baseline resistance of all cells, whether it plays a specific role in the MDR of human cancers remains to be demon- (Leonard et al., 2002) .
Polymorphisms of the MDR1 gene: genetic studies of the MDR1 gene
The significant role of P-gp in drug pharmacokinetics is suggested by its location in the mucosa of the small and large intestine, at blood-brain barrier sites, in capillary endothelial cells of the testis, in biliary hepatocytes, in the adrenal gland, and in proximal tubules of the kidney (Fojo et al., 1987) . Data from mdr knockout transgenic mice also strongly support the role of MDR1 in drug absorption, disposition, elimination, and detoxification pathways (Schinkel, 1997; Johnson et al., 2001) . Extensive research has been done on the pharmacological function of MDR1, but only recently have new studies reported several different single-nucleotide polymorphisms (SNPs), which occur as a result of singlenucleotide substitutions, in the human MDR1 coding region. Among the several reasons why gathering information on MDR1 SNPs is the focus of many recent studies are: (1) defining the relationship between the SNPs and MDR1 function will complement our knowledge about structure-function relationships; (2) the same approach will add to our knowledge about the role of P-gp in cancer cells, especially in resistant cancers if any correlations between polymorphisms and altered cellular pharmacokinetics are found; (3) since MDR1 is a very well-conserved gene (Konings and Poelarends, 2002) , studying its SNPs will broaden our understanding about the evolution of this gene; (4) evidence of a relationship between a specific MDR1 haplotype and altered pharmacokinetics may make it possible to predict individual sensitivity to the many drugs which are MDR1 substrates.
Various polymorphisms of the MDR1 gene with different frequencies in distinct ethnic groups
The MDR1 gene comprises 28 exons ranging in size from 49 to 587 bp, and the cDNA spans 4.5 kb. A methodical screening for polymorphisms of the entire MDR1 gene, performed by Hoffmeyer et al. (2000) on a healthy Caucasian population, revealed 15 different SNPs in exons and introns. In recent reviews Saito et al., 2002; Evans and McLeod, 2003; Schwab et al., 2003) , a total of 50 SNPs and three insertion/deletion polymorphisms have been reported in the MDR1 gene. Some of the polymorphisms in the MDR1 gene are 'silent', and cause no amino-acid change (for example: Gly412Gly, or at intron 17, intervening sequence 17 (IVS-17) (IVS-17 A137G)), but some are found to change an amino acid (for example: A61G, T307C, G1199A, and G2677T). Figure 1 shows the location of the reported SNPs which affect the MDR1 Figure 1 Schematic representation showing the distribution of MDR1 SNPs, which affect the coding sequence, on the predicted 2-D structural model of P-gp. At the bottom, 28 exons of the MDR1 gene are shown, and the region of P-gp encoded by a given exon is also highlighted in a same color on the predicted 2-D P-gp structure. The black-filled circles show the location of the reported SNPs coding sequence (exons). The data assembled in Figure 1 are based on the SNPs reviewed here, on the published intron/exon boundaries (Chen et al., 1990) , and on the predicted 2-D structural model of P-gp, according to studies from our lab (Gottesman and Pastan, 1988) . As shown in Figure 1 , some of the reported polymorphisms result in amino-acid changes located in exons 2, 5, 11, 21, and 24. Interestingly, three of these exons encode amino acids located in the transmembrane domains (5, 21, and 24), one in the first intracellular domain of P-gp (exon 2), and one very close to the ATP-binding site (exon 11). Table 2 summarizes the polymorphisms which are located in exons.
Comparison between different polymorphism studies reveals a variation in frequencies of the heterozygous or homozygous genotypes among different populations, which might be explained by some disadvantages of a specific genotype in the particular population. For example, a frequency of 37.5% homozygosity for the T allele was reported, which is the predominant sequence in position 1236, exon 12 among 48 unrelated Japanese healthy individuals . However, a frequency of 13.3% homozygosity for the same allele was found in Caucasians (Hoffmeyer et al., 2000) . Another explanation for the same phenomenon is that the Caucasian white population was undefined or not divided into specific ethnic groups (Hoffmeyer et al., 2000) , while other studies investigated narrower populations (Decleves et al., 2000; Cascorbi et al., 2001) .
Interestingly, different variants were found for the location of 2677-Ser893: Cascorbi and associates found the G allele at a frequency of 56.4% (893Ala), the T allele in 41.6% (893Ser), and the A allele (893Thr) in 1.9% of 461 white individuals (Cascorbi et al., 2001) . This may be due to the presence of a repetitive DNA sequence, resulting in a failure of sequencing at this position, which results in different predicted amino acids.
No altered drug pharmacokinetics was found in vitro in the five most common MDR1-coding polymorphisms
We determined whether common coding polymorphisms affect the function of P-gp, and/or whether polymorphic variants are linked to altered drug pharmacokinetics, testing the assumption that if functional significant polymorphisms of MDR1 exist, they would have a large impact on drug absorption, and on the blood levels of drugs which are P-gp substrates (KimchiSarfaty et al., 2002) . We investigated the effect of the five most common coding polymorphisms on P-gp function: A61G, T307C, G1199A, G2677T, and G2995A. Using a transient Vaccinia expression system for P-gp which was wild-type or carried each of these polymorphisms introduced by site-directed mutagenesis, we were able to demonstrate the cell-surface expression of P-gp variants (using monoclonal antibody MRK-16) ( Figure 2 , panel a) as well as semiquantitative functional activity, using six different fluorescent substrates: bodipy-FL-verapamil, bodipy-FL-vinblastine, calcein-AM, bodipy-FL-prazosin, bisantrene, bodipy-FL-forskolin, and daunorubicin (four of them are presented in Figure 2 , panel b). Comparison between each of these polymorphisms and wild-type MDR1 revealed no modification of cell-surface localization or the level of expression, and no measurable change in the transport function of P-gp with these polymorphisms. We conclude that the common MDR1-coding polymorphisms do not effect P-gp function in a major way, but cannot rule out a more subtle effect on handling individual substrates, some of which are suggested by the studies enumerated below. Our studies suggest that although MDR1 SNPs are frequent and may produce subtle alterations in drug transport, they do not result in a major functional change; this is consistent with the conserved sequence of the gene, and suggests that its function is not dispensable in human populations.
Several examples of altered substrate specificity resulting from polymorphisms of P-gp have been reported in the literature. Although P-gp was initially described as an energy-dependent efflux pump for diverse hydrophobic natural product anticancer drugs such as doxorubicin, vinblastine, and paclitaxel, it has since been shown to transport dozens of different commonly used drugs (see Table 3 ). Kioka et al. (1989) showed a slight increase in resistance to doxorubicin, but no effect on colchicine or vinblastine The only polymorphism that correlates with changes in drug delivery and disposition resistance in the SNP located on exon 21, position 2677, Ser893 (Kioka et al., 1989) . It is important to note that the G185V mutation linked to this SNP in this report has been clearly shown to be responsible for an alteration in drug resistance conferred by P-gp, even when the P-gp carries only the G185V mutation and not the polymorphism. Some enhanced efflux of digoxin, a P-gp substrate , by cells expressing the G2677T SNP (Ser893 polymorphism) was described by Kim et al. (2001) . Yamauchi et al. (2002) evaluated six patients with neurotoxic events and 11 patients without neurotoxic events, and found that the polymorphism at position 2677 is one of the positive predictors for tacrolimus-induced neurotoxicity (Yamauchi et al., 2002) . Tacrolimus is a potent immunosuppressant and P-gp inhibitor, and a possible substrate, which is used to prevent allograft rejection after various kinds of organ transplantations. No correlation was found between MDR1 function (evaluated by Rhodamine 123 efflux assay) in CD34-positive cells from 33 healthy bone marrow donors and the following polymorphisms: intronic position IVS-12 T129C, G2677T, and C3435T (Calado et al., 2002) .
Intronic and noncoding polymorphisms in the MDR1 gene
Very few reports have demonstrated SNPs in the P-gp intronic sequence. The location of polymorphisms in introns 4, 5, 12, 16, and 17 has been recently reviewed (Kerb et al., 2001b) . Goto et al. (2002) observed the most common intronic polymorphism IVS-5 C139T in 63% of 69 individuals who were recipients of livingdonor liver transplantation. Our own unpublished data based on DNA sequence from 90 individual's DNAs from the Coriell Repository confirmed the location of the intronic polymorphisms reviewed by Kerb et al. (2001a, b) . Evaluation of the frequency of SNPs in the MDR1 gene in human cancers, and association of this frequency with an acquired multidrug resistance phenotype in those cancers treated with chemotherapy was done by Potocnik et al. (2001) . These investigators found mutations and microsatellite instability in both the MDR1 promoter and coding region in colorectal cancer from 50 patients. However, not much other evidence is reported on polymorphisms in the MDR1 promoter region in healthy individuals. Ito et al. (2001) found in one out of 48 healthy Japanese individuals, a change to G in position -145 (in the promoter region). Another change was reported by the same group at position -41 (A-G) at a frequency of 0.073. The number of individuals taken in this study was low, and therefore the frequency might be different in larger samples of this population. The effect of these intronic and promoter polymorphisms in the MDR1 gene is unknown.
The wobble polymorphism 3435 is sometimes correlated with changes in drug delivery or disposition
The only clearly polymorphic variation of P-gp that contributes to different responses of patients to some MDR1 substrates is an SNP in exon 26 3435C4T, which does not result in an amino acid change. There have been several recent reports concerning the appearance of this polymorphism in different ethnic groups. Moreover, most of these studies correlated the manifestation of this polymorphism with a change in drug delivery or disposition. The transition from C to T at 3435 was associated with decreased intestinal expression of P-gp, and increased digoxin bioavailability; individuals carrying the CC genotype were found to have high intestinal P-gp levels and low intestinal digoxin uptake, while individuals carrying the TT genotype had low intestinal P-gp levels and high digoxin uptake (Hoffmeyer et al., 2000) . In contrast, Sakaeda et al. (2001) found reduced digoxin serum concentration in association with the T allele. Ameyaw et al. (2001) used PCR to characterize the 3435 location in 1280 individuals from 10 different ethnic groups, and found a higher frequency of the T allele among the African populations, as compared to the Caucasian/Asian populations, indicating that the frequency of the T allele is significantly influenced by ethnicity. The presence of the T allele results in decreased P-gp levels in the Caucasian, Chinese, Filipino, Portuguese, and Saudi populations. These authors suggested that a high frequency of the C allele in the African group might explain the high incidence of anticancer drug resistance and more aggressive tumors in individuals of African origin. Hitzl et al. (2001) found higher P-gp activity using Rhodamine 123 in CD56 þ cells from 10 individuals carrying the CC genotype, as compared to 11 individuals carrying the TT genotype. Siddiqui et al. (2003) reported an association of the CC genotype with poor response of patients to antiepileptic drugs. Homozygotes for the C allele at the 3435 location are associated with lower serum levels of the antihistamine fexofenadine (Allegrat) in a European-American population (Kim et al., 2001) . As opposed to the above reviewed studies, von Ahsen et al. (2001) reported no difference in Caucasian renal transplant patients carrying the CC (31 individuals) or CT (54 individuals) or TT (44 individuals) genotypes, receiving cyclosporin A therapy, when measuring the three following parameters: cyclosporin A required for main therapeutic concentrations, dose-adjusted cyclosporin A trough concentrations, and incidence of acute rejection. It remains to be seen whether similar results will be obtained with other drugs or whether this is specific for cyclosporin A, which is likely to be a substrate for transporters other than P-gp.
Other reports found no correlation between the wobble 3435 polymorphism and changes in MDR function. Cascorbi et al. (2001) found 53.9% heterozygosity for the T allele, and 28.6% of the 461 unrelated white individuals who were screened (294 men, 167 women) were homozygous T/T, also without change in function of MDR1. Drescher et al. tested fexofenadine (P-gp substrate) disposition in 10 homozygous CC and 10 homozygous-TT genotypes, German Caucasian, and found no significant differences between the CC and the TT individuals. However, P-gp function was significantly decreased in the CD56 þ cells of the TT compared with the CC individuals (Drescher et al., 2002) . Roberts et al. (2002) found that carrying the T allele is a risk factor for the occurrence of nortriptylineinduced portal hypotension in Caucasian patients with a major depression in New Zealand. The genotype TT, at position 3435, was found in eight of 27 Asian patients by Goh et al. (2002) P-gp's role in binding, transport, and distribution of xenobiotics is supported by the study of Siegsmund et al. (2002) . These investigators observed in two separate tests (one of 537 healthy individuals and 212 patients with renal epithelial tumors, and the other of 150 healthy individuals and 50 patients with renal epithelial tumors) a correlation between the T allele and occurrence of the tumor. They showed that T and TT carriers are at risk for developing nonclear cell renal cell carcinoma (Siegsmund et al., 2002) . Another study examined 268 Caucasian men, half of whom were lung cancer patients, and found similar frequencies of genotypes to Hoffmeyer et al. (2000) (Sinues et al., 2003) . No association was observed between the T/T genotype and lung cancer.
Our own data (unpublished -Kimchi-Sarfaty et al.) indicate multiple different substitutions at the 3435 site. This variability might reflect the relative insignificance of the specific nucleotide at this intracellular location. Therefore, we would hypothesize that this region would not be very conservative through evolution, and that the specific residue is not likely responsible for the reported linkage to various phenotypes. In conclusion, the 3435 polymorphism (which is not an amino-acid change) has been found in several studies to be associated with a change in the expression of P-gp. Careful study of the number of the individuals in each report indicates that, in some cases, the sample that was evaluated was too small to predict a strong correlation or no correlation between the presence of the 3435 polymorphism and an effect on drug delivery or disposition. Another speculation that might explain the linkage between a change on the DNA (which does not lead to a change in the amino acid) and different expression levels is that the expression of the DNA could be altered even if the protein generated is not. It could be that proteins can bind to one form of the polymorphic RNA and not to the other, or that one form of the RNA is not processed as efficiently as the other because of differences in the folding of the RNA or differences in protein binding. These hypotheses could be tested by comparing levels of RNA that correspond to the different alleles. Another speculation is that this polymorphism may lead to alternative splicing, which would also create a shorter protein compared to the wild-type P-gp. What seems most likely, however, is that in some populations the polymorphic allele at 3435 is linked to another polymorphism which affects P-gp expression or expression of a neighboring gene.
Evidence of specific MDR1 haplotypes
Linkage studies and the resulting haplotypes are powerful tools for screening large populations. The three highly frequent polymorphisms located in exon 12 position 1236, exon 21 position 2677, and exon 26 position 3435 were found in the following studies to have a strong linkage disequilibrium. Kim et al. found a linkage between the two synonymous SNPs (C1236T and C3435T) and a nonsynonymous SNP (G2677T, Ala893Ser) in exon 21. It occurred in 62% of European Americans, and 13% of African Americans (Kim et al., 2001) . Tang et al. (2002) showed high frequencies and strong linkage disequilibrium of these polymorphisms, C1236T, G2677T/A, and C3435T, in three ethnic groups: Chinese, Malays, and Indians. Other researchers found a strong linkage disequilibrium between only two of these three coding polymorphisms: Tanabe et al. (2001) found that in 94% of DNA samples from 65 Japanese individuals, the 3435T allele is linked to Ser or Thr at amino-acid 893 at position 2677 . In the G2677T and C3435T haplotype, which was found in 13.3% of a random Caucasian population, Johne et al. (2002) found higher plasma levels of digoxin after oral administration (Johne et al., 2002) . Significant linkage disequilibrium was also confirmed by Furuno et al. (2002) , between the polymorphisms located in positions 2677 and 3435 (Furuno et al., 2002) . A study done by Illmer et al. (2002) on 405 acute myeloid leukemia patients detected linkage disequilibrium of these known polymorphisms in exons 21 and 26, and found high probability of relapses in those patients carrying this haplotype (Illmer et al., 2002) . Altered absorption and/or disposition of digoxin was reported by Kurata et al. (2002) in 15 healthy individuals carrying the haplotype of double-homozygote TT at positions 2677 and 3435 (Kurata et al., 2002) . Similar results were shown by Horinouchi et al. (2002) -a genetic linkage between positions 2677 and 3435 in a Japanese population . Comparable research done by Moriya et al. (2002) found the same linkage also in Japanese individuals (Moriya et al., 2002) . Siddiqui et al. (2003) show evidence of linkage disequilibrium extending from exon 26 to exon 12, and found a haplotype which includes intron 2, exon 12, exon 21, and exon 26 in high frequency (34.6%) among 32 core families (Siddiqui et al., 2003) .
Another haplotype of the MDR1 gene was reported by Goto et al. (2002) . In all, 92% of 69 recipients of living-donor liver transplantations individuals carrying the TT genotype in exon 12 also carry the TT genotype in the most frequent intronic polymorphism -6 þ 139 (Goto et al., 2002) .
Studies have also been done to determine whether specific associations exist between polymorphisms of the different cytochrome P450 genes and polymorphisms of the MDR1 gene. An association between excess accumulation of a specific drug due to poor function of the cytochrome P450 enzymes and a polymorphism of P-gp might explain the poor metabolic phenotype of the drug, such as phenytoin. Kerb et al. (2001a, b) reported that the presence of the MDR1 C4T3435 allele in 96 healthy Turkish volunteers is correlated with a high metabolic ratio of p-HPPH and a high level of phenytoin, which is metabolized by cytochrome P450 (Kerb et al., 2001a) . Goto et al. (2002) saw a correlation between the C allele in the polymorphic site 3435 and lower expression of P450 in 69 recipients of living-donor liver transplantation. They have not observed other polymorphisms that correlated with intestinal expression of MDR1 mRNA or the tacrolimus concentration/dose ratio in these individuals (Goto et al., 2002) . A recent report suggests that the 249 A/A (249I) polymorphism in the CX 3 CR1 chemokine receptor and the 3435C/C genotype in the MDR1 gene may be associated with accelerated immunological and virological therapy failure in some of the HIV-infected patients (Brumme et al., 2003) . The molecular basis of these associations of polymorphism of P-gp with expression of other genes is unknown, and their significance is at present unclear.
Studies on the structure and function of P-gp: the topological model of human P-gp, and the role of various domains P-gp is a typical ABC transporter protein composed of two homologous halves, each containing six transmembrane (TM) domains and an ATP-binding/utilization domain, separated by a flexible linker region (Figure 3) . It has been shown that deletion of the central core of the linker region of human P-gp results in a protein that is expressed at the cell surface at levels similar to the wildtype protein, but is not functional for either transport or drug-stimulated ATPase activity . Furthermore, replacement of the deletion with a peptide with a predicted flexible secondary structure was found to be sufficient for restoring the functional properties of the molecule. These data suggest that interaction of the two halves of P-gp is critical for the functioning of the molecule, and that a flexible linker region is sufficient for the proper interaction of the two halves, most likely for the communication between the two ATP sites. The mutational analyses, labeling with the photoaffinity substrate analogues, and crosslinking with the thiol reactive substrate derivatives suggest that the two halves of human P-gp interact to form a single transporter, and that the major drug-binding domains reside in transmembrane domains 4, 5, 6, 10, 11, and 12 (see Ambudkar et al., 1999; Hrycyna, 2001; Loo and Clarke, 2002a) .
Biochemical characterization of both human and hamster purified P-gps has determined that both ATP sites are capable of hydrolysing ATP but not simultaneously, that the stoichiometry of ATP hydrolysis is 1 mol ATP/mol of P-gp (Urbatsch et al., 1995a, b; Hrycyna et al., 1999) and that ATP hydrolysis and drug transport are obligatorily linked (Ambudkar et al., 1997) . The mutations (depicted as blue filled circles in Figure 3 ) in mammalian P-gps that affect substrate specificity are found throughout the molecule including the TM regions, soluble intra-and extracellular loops, and the ATP-binding/utilization domains (for a complete list of mutations, see Ambudkar et al., 1999; Hrycyna, 2001) . P-gp is glycosylated at three sites (N91, N94, and N99) in the first extracellular loop (wiggly lines in the first extracellular loop in Figure 3) . The glycosylation appears to be required for the proper trafficking of the transporter to the cell surface, but it is not required for the transport function of P-gp Gribar et al., 2000) . P-gp is also a potent substrate for phosphorylation by protein A and C kinases at four serine residues in the linker region (S661, S667, S671, and S683, denoted as red circled P in Figure 3 ). However, a P-gp mutant lacking all phosphorylation sites exhibits normal transport function, and confers drug resistance to sensitive cells (Germann et al., 1996) .
Identifying the sites of interaction between P-gp and its drug substrates Drugs belonging to diverse chemical classes and having different targets such as Vinca alkaloids, calcium channel blockers, anthracyclines, antiarrhythmics, epipodophyllotoxins, antihypertensives, antibiotics, immunosuppressants, cytotoxic agents, steroid hormones, and HIV protease inhibitors interact with P-gp ( Table 3) . Some of these agents may carry a positive charge at physiological pH, but due to their amphipathic nature they can enter cells by passive diffusion (Gottesman and Pastan, 1993) . Although modulators (listed in the right panel in Table 3 ) reverse drug resistance, P-gp efficiently transports a majority of them. Although there have been several generations of P-gp modulators in development, reversing P-gp-mediated MDR in the clinic has met with very limited success Leonard et al., 2002) . The basic strategy to circumvent MDR, however, continues to be the coadministration of an anticancer drug with a chemosensitizer that impairs Pgp function, resulting in enhanced intracellular anticancer drug accumulation.
To design effective modulators of P-gp, it is thus necessary to understand how the transporter interacts with so many structurally diverse chemical agents. The only feature common to P-gp drug substrates appears to be that they are all hydrophobic, with a molecular mass of 300-2000 Da (Ford and Hait, 1990) . Anionic compounds are not transported by P-gp. In recent years, Seelig and co-workers have attempted to understand the biophysical characteristics of P-gp substrates, and their theoretical models suggest that it may be a function of the spatial separation of electron donor groups (Seelig, 1998a, b) . These authors analysed the structures of a hundred compounds, which had been demonstrated in the literature to interact with P-gp. These compounds were found to possess the following chemical units: (a) Two electron donor groups with a spatial separation of 2.5 þ 0.3 Å . (b) Two electron donor groups with a spatial separation of 4.6 þ 0.6 Å . (c) Three electron donor groups with a spatial separation of the outer two groups of 4.6 þ 0.6 Å . The authors suggest that the occurrence of at least one of these three chemical units in a hydrophobic compound is diagnostic of a P-gp substrate. Moreover, several groups have demonstrated that the number and strength of hydrogen bonds determine the interaction of P-gp and drug substrates (Ecker et al., 1999) .
A more direct approach to elucidating the regions of P-gp that interact with drugs is the use of photoaffinity analogues of drug substrates. This has been an active area of research for over a decade, allowing the drugsubstrate-binding regions of P-gp to be extensively mapped. [ Gottesman (1988) and Ambudkar et al. (1999) cyclosporin A (Demeule et al., 1998) , and a [ 3 H]benzophenone analogue of stipiamide (Andrus et al., 2000) have yielded valuable information on the direct interaction of P-gp with its substrates.
The sophistication and accuracy of the methods used to identify regions of P-gp interacting with drug substrates vary considerably, and includes the use of antibodies raised against specific regions of P-gp (Bruggemann et al., 1989 (Bruggemann et al., , 1992 Greenberger, 1993; Morris et al., 1994; Demeule et al., 1998; Wu et al., 1998) , HPLC in conjugation with Edman-MS (Demmer et al., 1997 (Demmer et al., , 1999 Isenberg et al., 2001) , and more recently MALDI-MS (Borchers et al., 2002; Ecker et al., 2002) . The earliest data were obtained by the immunological analysis of P-gp proteolytic fragments after photoaffinity labeling with [ 3 H]-azidopine, the 125 Iforskolin derivative, AIPPF, and the 125 I-prazosin derivative, IAAP (Bruggemann et al., 1989 (Bruggemann et al., , 1992 Greenberger, 1993; Morris et al., 1994) . More recently, iodomycin binding was localized to amino acids 230-312 (the distal part of TM4, the second cytoplasmic loop, and the proximal part of TM5) of hamster P-gp, using Edman sequencing of radiolabeled peptides (Demmer et al., 1997) . Using a similar approach, IAAP was found to bind to three sites, amino acids 248-312 (TM4-TM5), 758-800 (beyond TM8), and 1160-1218, which are located within the second cytosolic NBD (Isenberg et al., 2001) . We have separated a C-terminal fragment of human P-gp labeled with IAAP, extracted the photoaffinity-labeled C-terminal fragment of P-gp from an Immobilon C membrane after Western transfer, and subjected it to both complete trypsin digestion and cyanogen bromide digestion to identify the amino-acid residues by matrix-assisted laser desorption ionization mass spectrophotometry (MALDI-MS). We have identified two unique polypeptides of m/z ratio 1732 and 2350, that is, approximately 10-12 and 16-20 residues, which correspond to a region spanning TM 11 and the sixth extracellular loop (residues 1135-1164; Sauna and Ambudkar, unpublished data). The binding site of cyclosporin A (amino acids 953-1007) has been established by overlapping peptide mapping with different chemical cleavage agents and immunoprecipitation (Demeule et al., 1998) . Benzophenone analogues of paclitaxel were used to localize the binding to two sites: amino acids 683-760 (TM7 and TM8) and 985-1088 (half of TM12 and terminating just after the Walker A motif in the second ATP site) (Wu et al., 1998) . A comprehensive summary of the localization of drugbinding sites of P-gp from studies with photoaffinity analogues is given in Table 4 . These data suggest that several of the TMs play a role in substrate binding, and that different substrates have different, but perhaps overlapping, binding sites on P-gp.
Information from photoactive drug-substrate analogues has been supplemented by results from site-directed mutagenesis either alone, or used in conjugation with crosslinking agents (Gottesman et al., 1995 Ambudkar et al., 1999; Hrycyna, 2001 ). Mutations in P-gp that affect substrate specificity are found to be clustered in TMs 5, 6, 11, and 12, although such mutations are found throughout the molecule (Ambudkar et al., 1999; Hrycyna, 2001) . Consistent with the view that drug-substrate binding occurs principally in the transmembrane domains is the finding that the transmembrane domains alone are sufficient for drug binding. A mutant lacking both nucleotide-binding domains and containing only both TM domains could still bind drug substrates (Loo and Clarke, 1999b) . Loo and Clarke (1999a) have pioneered the use of cysteinescanning mutagenesis to identify residues that line the drug-substrate binding site(s). In initial studies, the thiol reactive substrate of P-gp dibromobimane was used to screen hundreds of mutants each, with a unique pair of cysteines. These data provided evidence that dibromobimane reacted with cysteines reintroduced in TMs 4, 5, 6, 10, 11, and 12, suggesting that these regions contribute to drug binding (Loo and Clarke, 2001a,b,c) . Moreover, by using methanethiosulfonate crosslinkers with spacers of different lengths, it was possible to estimate the drug-binding domain of P-gp (Loo and Clarke, 2001c) . The authors propose that the drug-binding domain is funnel shaped and narrow at the cytoplasmic side. The central, putative drug-substrate binding region would have a diameter of 9-25 Å , and would be approximately 50 Å at its widest. A model for the drug-binding site emerging from cysteine-scanning mutagenesis and crosslinking experiments has been recently summarized (Loo and Clarke, 2002a) . The model indicates a common drug-binding site involving residues from the TM helices 4, 5, 6, 8, 9, 10, 11, and 12. However, the authors propose that this common 'pocket' can allow diverse substrates to create their own binding sites, via a substrate-induced fit mechanism where the substrates use a combination of residues from the different TMs. Thus, it is hypothesized that the TMs Sauna and Ambudkar (unpublished data) that line the binding pocket are quite mobile and the binding of a substrate brings rigidity to the binding site. This is an interesting hypothesis, for which more direct experimental data are required.
The coupling of ATP hydrolysis to substrate transport in P-gp Most chemotherapeutic agents have a high propensity to partition into the bilayer, and diffuse down a concentration gradient into the cell . P-gp, an ATP-dependent molecular pump, is implicated in expelling these drugs from the cell. The bulk of evidence in the literature corroborates the concept that drug transport by P-gp is coupled to ATP hydrolysis (Senior et al., 1995; Sauna et al., 2001c; Ambudkar et al., 1992) , and the ATPase activity of P-gp has been studied in considerable detail (for reviews see Senior et al., 1995; Sauna et al., 2001c) . Crude membrane fractions as well as purified P-gp reconstituted into lipid vesicles show a basal level of Mg 2 þ -dependent ATP hydrolysis, which is stimulated by substrates and modulators of P-gp by a factor of up to 10 (Ambudkar et al., 1992; Sarkadi et al., 1992; Sharom et al., 1993 Sharom et al., , 1995 Urbatsch et al., 1994; Senior et al., 1995; Senior and Gadsby, 1997; Senior, 1998; Kerr et al., 2001) . ATP hydrolysis is abolished by chemical modification with N-ethylmaleimide or mutations in the conserved residues of the Walker A, Walker B or the signature region (Loo and Clarke, 1995a, b; Hrycyna et al., 1999) . These data suggest that though both the ATP sites can bind and hydrolyse ATP (Urbatsch et al., 1995a) , the interaction of both sites is essential for ATP hydrolysis and drug transport . The specific role(s) of the conserved residues in these regions is discussed below. Pgp has a low affinity for nucleotides; the K m for ATP is in the 0.3-1 mm range (Ambudkar et al., 1992; Urbatsch et al., 1994; Sharom et al., 1995; Kerr et al., 2001) , which can present technical difficulties in the kinetic analysis of ATP hydrolysis by P-gp (Urbatsch et al., 1995b) . These have been overcome in part, by using orthovanadate (Vi) to generate a stable noncovalent ternary complex in the form of the transition state intermediate PgpADPVi (Senior et al., 1995; Sauna et al., 2001c) . Vi is an efficient inhibitor of P-gp ATPase activity because it is similar in size and charge to P i , readily increases the coordination sphere to five, and exhibits plasticity in its bond distances (Smith and Rayment, 1996) . The P-gpADPVi species appears to mimic the catalytic transition state with P i during ATP hydrolysis by P-gp (Senior and Gadsby, 1997; Sauna et al., 2002) . It has been established that it is always a nucleoside diphosphate that is trapped (Urbatsch et al., 1995b; Sankaran et al., 1997; Sauna et al., 2001b) . Thus, if ATP (or alternative hydrolysable nucleoside triphosphate) is used to initiate the reaction, at least one turnover of ATP hydrolysis converting ATP to ADP is essential for trapping to occur.
The Vi-induced trapping of P-gp in the P-gp [a-32 P]8-azidoADPVi transition state has also been useful in determining the steps of the catalytic cycle of ATP hydrolysis, where these drugs exert their effect. Compounds that support a higher-fold stimulation of steadystate ATPase activity also demonstrate a higher extent of Vi-induced [a-32 P]8-azidoADP occlusion in the presence of either Co 2 þ or Mg 2 þ into P-gp (Szabo et al., 1998; Kerr et al., 2001) , and a very strong linear correlation exists between the extent of [a-32 P]8-azidoADP trapped into P-gp in the presence of Vi and the steady-state fold stimulation of ATPase activity in the presence of various substrates ). This correlation suggests that both experimental approaches are measuring the same step in the catalytic cycle of Pgp, and that the rate-limiting step in the catalytic cycle is either the release of ADP or P i . For the Vi-induced trapping of [a-
32 P]8-azidoADP, P i release is a prerequisite. In addition, P i has an extremely low affinity for Pgp, with a K i in the range of 150-200 mm for ATP hydrolysis. Thus, it is unlikely that the release of P i would be the rate-limiting step. Moreover, the rate of the release of 8-azidoADP (or ADP) from the Vitrapped P-gp is not affected by the addition of excess nucleotides such as ATP, ADP, or AMPPNP. Finally, there is an inverse relationship between ADP release from the P-gpMgADPVi complex and the recovery of the substrate binding to the transporter, following formation of the transition state. Though it is not clear how drugs affect the rate of release of ADP, these results suggest that release of ADP from the P-gpMgADPP i transition state is the rate-limiting step in the catalytic cycle of P-gp Sauna et al., 2001c) .
Comparison of the activation energies required for various steps in ATP hydrolysis by P-gp
Recently, we demonstrated (Sauna et al., 2001a, b) that it is possible to initiate Vi-induced trapping under hydrolysis or nonhydrolysis conditions by using either [a-32 P]8-azidoATP or [a-32 P]8-azidoADP. Trapping by either route showed similar kinetics, similar distribution of trapped 8-azidoADP between the N-and C-terminal halves of P-gp, and the same requirement for divalent cations. We therefore determined the activation energies required for various steps during ATP hydrolysis, in order to see whether we could distinguish the transitionstate intermediate formed in the presence and absence of ATP hydrolysis. The activation energy calculated from the slope of the Arrhenius plots (Sauna et al., 2001b) for basal and verapamil-stimulated ATP (or 8-azidoATP) hydrolysis is in the range of 100-115 kJ/mol. This activation energy is much higher than that reported for P-and F-type ATPases such as Na þ -K þ -ATPase and F 0 F 1 -ATPase (50-60 kJ/mol). The reason for the requirement of higher activation energy for ATP hydrolysis by P-gp is not clear at present. Similar measurements for ATP hydrolysis by other ABC transporters have not yet been carried out. The activation energy for the Vi-induced trapping of [a-32 P]8-azidoADP under hydrolysis conditions is 62 kJ/mol, or about half that for verapamil-stimulated ATP hydrolysis (see Figure 4) . On the other hand, the trapping of [a-32 P]8-azidoADP in the presence of Vi under nonhydrolysis conditions requires 152 kJ/mol activation energy, which is about B2.5-fold higher compared to that required to trap nucleotide under hydrolysis conditions, and is 1.5 times higher than that required for verapamilstimulated hydrolysis of ATP or 8-azidoATP (which represents the complete catalytic cycle). These data indicate that the formation of the transition-state intermediate under nonhydrolysis conditions is energetically a highly unfavorable reaction.
Substrate-stimulated ATP hydrolysis is a vectorial process
The generation of a transition-state intermediate of P-gp under nonhydrolysis conditions, although energetically unfavorable, raised the question as to whether, in the presence of a sufficiently high substrate gradient, ATP can be generated from ADP and P i . With some of the Ptype ATPases, reversal of the ion concentration gradient under in vitro conditions has been shown to drive synthesis of ATP from ADP (Yamada and Ikemoto, 1980; Repke, 1982) . When P-gp is pretreated with substrate or modulator, the Vi-induced trapping of [a-32 P]8-azidoADP under nonhydrolysis conditions is strongly inhibited. In the presence of substrate or modulator under nonhydrolysis conditions, the affinity for nucleoside diphosphate (ADP or [a-32 P]8-azidoADP) is drastically decreased (Sauna et al., 2001a) . These results indicate that substrates shift the equilibrium, driving the reaction in the forward direction, which results in the dissociation of P i and ADP from the PgpADPP i catalytic state intermediate following ATP hydrolysis, rather than the formation of the transitionstate intermediate when ADP and P i are provided under nonhydrolysis conditions. Taken together, these results suggest that the combination of (i) the requirement for an intrinsic large energy barrier, and (ii) the modulation by drug substrates does not permit the backward reaction either in the absence or presence of drug substrates. The mechanism by which drug substrates block the formation of the transition state in the absence of ATP hydrolysis is not understood at present. We have speculated that the conserved dodecapeptide linker region, also known as the ABC signature motif, which is implicated in the signal transduction from substratebinding domains to the ATP sites, may play a role in this phenomenon. The failure to obtain a Vi-induced ADPtrapped transition-state intermediate of bacterial maltose permease in the presence of maltose and maltose-binding protein under nonhydrolysis conditions (Sharma and Davidson, 2000) lends support to the concept of substrate-mediated modulation of ATP hydrolysis, which may be common to other ABC transporters. This is in contrast to P-type ATPases such as the Ca 2 þ ATPase of sarcoplasmic reticulum and the Na
ATPase, where reversal of ion-concentration gradient has been shown at least in vitro to drive synthesis of ATP from ADP (Yamada and Ikemoto, 1980; Repke, 1982) .
Role of the conserved Walker B glutamate residues E556 and E1201 in ATP hydrolysis by P-gp
In addition to the biochemical studies outlined above, the recent spate of crystal structures of the ATP sites of several ABC transporters (Hung et al., 1998; Diederichs et al., 2000; Chang and Roth, 2001; Gaudet and Wiley, 2001; Karpowich et al., 2001; Bohm et al., 2002; Locher et al., 2002) has considerably extended our knowledge of the nucleotide-binding pocket and the mechanism by which ATP is hydrolysed. These structures indicate critical roles for two residues in the Walker B region of the NBD, which are conserved in a majority of ABC transport proteins. These are residues homologous to the pairs D555/D1200 and E556/E1201 in human P-gp. Site-directed mutagenesis in P-gp (Urbatsch et al., 1998; Hrycyna et al., 1999) has confirmed that the D555/ D1200 pair is involved in the coordination of Mg 2 þ . The residues that correspond to the pairs E556/E1201 in the Walker B region and Q475/1118 in the Q loop of human P-gp ATP sites, on the other hand, are postulated to form hydrogen bonds with water molecules that interact with the g-phosphate. Hydrolysis of ATP occurs via the attack of a water molecule on the g-phosphate (Sleep et al., 1980; Dale and Hackney, 1987) , and it is often the side chain of an amino acid that activates the attacking water molecule by deprotonation. Biochemical evidence suggests that these residues (E556, E1201, Q475, or Q1118) are unlikely to play a role in the hydrolysis of the bond between the g-P and the b-P of ATP. Senior and co-workers have demonstrated in mouse Mdr3 that the residues equivalent to Q475 and Q1118 of human Pgp are involved neither in the activation of the attacking water for ATP hydrolysis, nor in the coordination of the essential Mg 2 þ cofactor in Mg 2 þ nucleotide (Urbatsch et al., 2000a) . Similarly, the mouse Mdr3 mutants E552Q and E1197Q show normal levels of Vi-dependent [a-32 P]8-azidoADP trapping (Urbatsch et al., 2000b) , suggesting that they are capable of ATP hydrolysis. Furthermore, the equivalent mutations in human P-gp, E556Q, E556A, E1201Q, E1201A, and the double mutants E556Q/E1201Q and E556A/E1201A, all allow for normal levels of Vi-dependent [a-32 P]8-azidoADP trapping, and the trapped nucleotide has been demonstrated to be [a-
32 P]8-azidoADP (Sauna et al., 2002) . Thus, the substitutions of the residues E556 and E1201 with Q or A in human P-gp do not block hydrolysis of ATP per se. Interestingly, the double mutants E556Q/ E1201Q and E556A/E1201A show trapping of [a-32 P]8-azidoADP even in the absence of Vi. This transition state obtained in the absence of Vi has been extensively characterized, and it has been demonstrated that it is comparable to the Vi-transition state of wild-type P-gp (Sauna et al., 2002) . These double mutants of P-gps (E556Q/E1201Q and E556A/E1201A) thus provide an independent validation that the Vi-trapped transition state of P-gp is indeed a 'true' transition state, and they provide an interesting system where one can obtain the transition state of P-gp in the absence of agents such as Vi or beryllium fluoride. Thus, the identification of mutations which result in trapping of P-gp in a transition state validates the central premises of the use of Vi to study the catalytic cycle of P-gp: that the PgpADPVi and P-gpADPP i are similar, and that the transition state P-gpADPP i , represents an intermediate state in the ATP hydrolysis pathway.
The speculations vis-a`-vis the 'catalytic carboxylate' in ABC transporters are reminiscent of the situation in the myosin molecule, where it was initially postulated that a catalytic carboxylate activated the attacking water molecule. However, the crystal structures demonstrated that there was no such group within 5.5 Å of the gphosphate (Fisher et al., 1995) . It is now widely accepted that the nucleotide itself is the base, and water transfers its proton directly to the g-phosphate (for a review, see Rayment, 1996) . One would argue for a similar mechanism in the ATP site of P-gp and other ABC transport proteins. A detailed analysis of conservative and nonconservative substitutions of glutamates at positions 556 and 1201 in human P-gp suggests that these residues are critical for the second ATP hydrolysis event (Sauna et al., 2002) , which we have previously demonstrated to be associated with resetting the P-gp molecule following the transport of drug Ambudkar, 2000, 2001) . Thus, we have postulated (Sauna et al., 2002) that these residues are likely to be a part of the switch region of ABC transport proteins deemed to be involved in transmission of interdomain signals from the substrate-binding sites via the D-loop and the ABC signature region (Bohm et al., 2002; Locher et al., 2002) .
The catalytic cycle of ATP hydrolysis by P-gp Studies such as those described above provide important details about ATP hydrolysis by P-gp. However, the eventual goal is to understand the mechanism of drug transport by P-gp, that is, how ATP hydrolysis is coupled to drug efflux. The first model for the catalytic scheme of ATP hydrolysis by P-gp was postulated by Senior and coworkers (Senior et al., 1995; Senior and Gadsby, 1997; Senior, 1998) . The essential feature of this paradigm was the alternating hydrolysis of ATP at the two ATP-binding sites. It was proposed that the nucleotide first binds to one of the two sites, but cannot be hydrolysed. When another nucleotide binds to the second site, it promotes hydrolysis at the first site, which in turn powers substrate transport. In the next cycle, hydrolysis occurs at the second ATP site. This model is based on the evidence that Vi trapping of the nucleotide at either catalytic site arrests ATP hydrolysis at both sites, and that mutations or chemical modifications that inactivate one catalytic site also prevent catalysis at the other site (Loo and Clarke, 1995a, b; Senior and Bhagat, 1998; Hrycyna et al., 1999) . This catalytic scheme was an extremely useful conceptual tool to frame questions and design experiments to understand the mechanistic details vis-a`-vis the catalytic cycle, and to address the question of how ATP hydrolysis is coupled to drug-substrate transport.
P-gp exhibits low affinity for ATP compared to, for example, myosin or the mitochondrial F 1 F 0 -ATP synthase (Senior, 1998; Sauna et al., 2001b) . Additionally, in P-gp, no covalent phosphorylated (EBP) intermediate has been demonstrated, as is known to occur for the P-type ATPases (Lelong et al., 1994; Senior, 1998) . These facts led Senior and coworkers to hypothesize that, during ATP hydrolysis, a state of high chemical potential is generated, and that the relaxation of such a state powers the extrusion of the drug substrate (Senior et al., 1995; Senior and Gadsby, 1997; Senior, 1998) . Recent work from our laboratory experimentally demonstrated a large conformational change accompanying ATP hydrolysis. We showed that the long-lived P-gp8-azidoADPVi transition state complex that is generated immediately following ATP hydrolysis, exhibits a drastic decrease in the affinity for the substrate analogue [ 125 I]IAAP Ambudkar, 2000, 2001) , and also for the nucleotide [a-32 P]8-azidoATP ). Thus, conformational changes that follow ATP hydrolysis reduce the affinity of both substrate and nucleotide for P-gp, and the extent of decrease in the affinity of the nucleotide [a- There has been a general consensus in the literature that there is extensive communication between the substrate-binding sites and NBDs of P-gp (reviewed in Sauna et al., 2001c) . However, few studies have experimentally addressed the link between ATP hydrolysis and substrate-binding sites. We have recently exploited the reduced affinity of substrate for P-gp in the Vi-trapped conformation Ambudkar, 2000, 2001; Sauna et al., 2001b) to investigate the interactions between the nucleotide and substratebinding sites, and their energetic requirements to elucidate the catalytic cycle of P-gp, in considerable detail. The essential features of the cycle are illustrated in Figure 5 . The drug and ATP first bind to P-gp (Step I), there being no energetic requirement for the drug to bind. We base this conclusion on the observation that binding of the photoaffinity analogue of the P-gp drug-substrate prazosin [ 125 I]IAAP is not affected by nucleotides . A key finding that allowed interactions between the drug substrate and ATP sites to be studied was that following ATP hydrolysis in the presence of Vi, the transition-state intermediate P-gpADPVi showed a drastically reduced affinity for a substrate for P-gp, [ 125 I]IAAP Ambudkar, 2000, 2001) . Based on these data, it appears that ATP hydrolysis is a prerequisite for the conformational changes that result in reduced affinity for the substrate. Similarly, Loo and Clarke, using a thiol-reactive substrate, Tris-(2-maleimidoethyl) amine (TMEA), and a series of cysteineless mutants of P-gp have demonstrated rotations in the TM helices TM6 and TM12 (implicated in drug-substrate binding) following ATP hydrolysis, which are not induced by ATP binding per se (Loo and Clarke, 2001a, b (Rosenberg et al., 2001) . Besides the reduced affinity for substrate that follows ATP hydrolysis (step II), we have demonstrated that there is a corresponding decrease in the affinity of nucleotide ) for P-gp.
Following hydrolysis, Pi and, presumably, the drug are released because of the low affinity for the drug (step III). The subsequent release of ADP (step IV) occurs spontaneously, and is not influenced by the presence of nucleotides. The dissociation of ADP is accompanied by a conformational change that allows nucleotide binding, but substrate binding continues to be reduced . A second ATP hydrolysis event is then initiated by the binding of a molecule of ATP (step V). The hydrolysis of this ATP (step VI) is kinetically indistinguishable from the first , at which point the substrate binding is still not regained. This event too can be captured as an intermediate using Vi to trap the nucleotide (see Sauna and Ambudkar, 2001 ) for experimental strategy. The subsequent release of Pi (step VII) and then ADP (step VIII) completes one catalytic cycle, bringing the P-gp molecule back to the original state, where it can bind both substrate and nucleotide to initiate the next cycle.
This model suggests two unique and distinct roles for ATP hydrolysis in a single turnover of the catalytic cycle of P-gp. Not only is energy utilized in the transport of substrate, but also there is a clear need for ATP hydrolysis in effecting conformational changes in the molecule, which make it available for the next catalytic cycle . This is consistent with the fact that the hydrolysis of at least two molecules of ATP is required for the transport of every molecule of substrate (Ambudkar et al., 1997; Shapiro and Ling, 1998) by P-gp and several other ABC transporters (Mimmack et al., 1989; Liu et al., 1997) . We have also determined that the two hydrolysis events in a single catalytic cycle are kinetically identical, and differ only with respect to the status of the molecule vis-a`-vis substrate binding, suggesting that ATP does not show preferential affinity to either ATP site, and that the sites are recruited randomly for hydrolysis .
The studies described in the section 'The role of the conserved Walker B glutamate residues E556 and E1201 in ATP hydrolysis by P-gp', originally designed to understand the role of the putative catalytic carboxylates in P-gp (Urbatsch et al., 2000b; Sauna et al., 2002) , also provide evidence for two ATP hydrolysis events during a single catalytic cycle of P-gp. Double mutants, where the conserved glutamates in both the Nand C-ATP sites are replaced by either Q or A, are unable to release ADP, that is, the catalytic cycle is possibly terminated at step IV ( Figure 5 ). The single mutants (E556Q, E556A, E1201Q, and E1201A) on the other hand show normal release of ADP, and can bind ATP during next step, but are unable to hydrolyse it. Thus, in these mutants the catalytic cycle is blocked at step VI ( Figure 5 ). Though the single and the double mutants are blocked at different steps, these mutants are unable to execute the second ATP hydrolysis event, and the phenotype for these mutants is that they show loss of steady-state ATPase and drug-transport activities (Urbatsch et al., 2000b; Sauna et al., 2002) . These studies thus provide an independent line of evidence for the necessity of two ATP hydrolysis events during a single catalytic cycle of P-gp. Figure 5 A proposed scheme for the catalytic cycle of P-gp. This scheme is based on the data presented in Ambudkar (2000, 2001) , and Sauna et al. (2002) . The ellipses represent the substrate-binding sites: the 'ON' (high affinity) and the 'OFF' (low affinity) site. The hexagon depicts the 'ON' site with reduced affinity for the drug. The green circles represent the ATP sites, and the empty square portrays the ATP site with reduced affinity for nucleotide.
Step I: substrate binds to the high-affinity 'ON' site of P-gp, and ATP binds to either of the two ATP sites.
Step II: ATP is hydrolysed and the drug is moved to the lower-affinity 'OFF' site.
Step III: P i is released and the drug extruded from P-gp at this step.
Step IV: the ADP and Vi dissociate from the complex, the ATP sites revert to the 'high-affinity' state, but affinity for drug substrate continues to be low.
Step V: following disassociation of the ADP in step IV, an additional molecule of ATP binds to the alternate ATP site.
Step VI: ATP is hydrolysed.
Step VII: P i is released.
Step VIII: the disassociation of ADP allows the conformation of P-gp to be restored to its original state (step I), to initiate the next cycle. The ADP release at steps IV and VIII (underlined) appears to be rate limiting in the catalytic cycle. ATP hydrolysis is shown as being initiated in the C-terminal ATP site; our data suggest that the site of initiation of ATP hydrolysis may be random, but the two sites operate alternately (Sauna et al., 2002) Perspectives This review highlights the role of P-gp in human cancer and in drug pharmacokinetics, and demonstrates that an understanding of its mechanism of action has implications both for manipulating its function and for gaining insight into other members of the large family of ABC transporters. There are, however, many limitations to our current knowledge. First priority must be given to answering several important questions:
(1) What is the high-resolution, atomic level structure of P-gp both with and without substrates and inhibitors bound? This information will be essential for building models that explain the broad range of substrate interactions with the transporter, and for a detailed understanding of the allosteric changes that occur during the hydrolysis of ATP. With this information, it will be possible to design high-affinity, specific inhibitors, and to generalize the mechanism of action to include (or exclude) other members of the ABC transporter family. The structure of a bacterial homolog of P-gp, MsbA, at moderate (4.5 Å ) resolution has been reported (Chang and Roth, 2001) . Further studies are needed to improve the resolution and validate this structure, before its relevance to the mechanism of action of P-gp can be determined. (2) What is the relevance of expression of P-gp and other ABC transporters in human cancers? It will be necessary first to catalog all of the human ABC transporters with respect to their expression and function in human tissues and cancers. This can be done using the existing microarray expression technologies, proteomics, and cellular localization approaches, combined with functional assays of drug transport. Once this is accomplished, clinical trials that examine the expression and function of candidate transporters will need to be done to establish the relevance of their expression to drug resistance, followed by the use of specific inhibitors to establish their importance in drug resistance. A better understanding of the factors that regulate expression of ABC transporters, and their possible induction by cytotoxic drugs, is also needed to design clinically relevant strategies.
(3) What role do the ABC transporters, especially P-gp, play in determining the pharmacokinetics of anticancer drugs and other commonly used pharmaceuticals? Preliminary evidence suggests that knowledge of the level of expression, and perhaps function, of ABC transporters will allow prediction of individual variability in response to specific drugs, which are substrates for these transporters. The relative role of ABC transporters and other drug metabolism (e.g., the cytochrome P450 system and conjugating enzymes) will have to be assessed. (4) Can our knowledge of ABC transporters be used in any other way to understand normal human physiology and human disease? Many of the ABC transporters have been shown to be essential, based either on knockout mouse models or specific human diseases in which ABC transporter function is disabled (Gottesman and Ambudkar, 2001) . Although beyond the scope of this review, it should be possible to design specific gene therapies, or drug therapies, which correct defects resulting from the failure of function of ABC transporters. In addition, we have suggested that some of the ABC transporters, such as P-gp, might prove useful as selectable markers for gene therapy, or to protect bone marrow during cancer therapy .
In summary, much is known about P-gp as a model member of the family of ABC transporters, but much work remains to be done to characterize this unusually large family of proteins, and to use this information to help ameliorate human disease.
Abbreviations ABC, ATP-binding cassette; IAAP, iodoarylazidoprazosin; MDR, multidrug resistance; P-gp, P-glycoprotein; TM, transmembrane; Vi, orthovanadate.
